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THE FLIGHT OF AN AUTOGIRO AT HIGH SPEED*

By J. A, J. Bennett
I. NOTATIONW

forward speed of autogiro.
mean induced velocity through the disk.

radial distance of blade element dr from rotor
shaft.,.

extreme radius.
number of blades.

blade width; for simplicity, cousidered as congtant
from root to tip.

blade angle, egually assumed constant, measured from
"gero~1ift" position,

angular position of blade, measured from position
conformably to figure 2.

angular velocity of blades.

. Tepeme of rotor.

"golidity," i.e., ratio of total blade area to rotor
disk area = -BEi_ ,
(TTR)

air density (standard value at sea level, that is,
"pnewton'/m3 or kg s3/m4).

mean profile drag coefficient for the empldyed pro-
file.

1l
*¥17ber den Flug eines Autogiro mit grosser CGeschwindig-
eit." Z,F.H., September 14, 1833, pp. 465-470.
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(0 98 angle of attéék‘of aufﬁgifo{'iJéQ,*ahgle of rotor
shaft to the vertical of the flight speed, counted
positive when shaft is rearward inclined.

B, flapping angle; i,e., angle between blade and plane
perpendicular to rotor shaft,

Bos coning angle, i.e., angle between blade and its median
plane of rotation. o

B., angle of median plane of rotation of blades to plane
perpendicular to rotor shaft,

W, total drag of rotor.
W., induced drag of rotor.
Wo, profile drag of rotor.

Wy, structural drag in kg at 161 km/h (100 mi./ar.).

A, 1if+t.
H, thrust of rotor.
oy ——————=, 1l.e., load factor.

TP wz R4

A . ) o

kyy, ———r——r y 1i.e., second typc of load factor.

T R® p v
A, Y., i.e., 2 kind of speed ratio,

wR i

/

Uy mean velocity through disk parallel to rotor shaft,
X, u/(wR).
i, . load rating of disk =;—ji~ CRRANNER NP

T R® -
2 ve Vo oas '
A R R

nP, power requlred to overcome rotor. drag.

NP4 power avallable (hp.).
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- II. INTRODUCTION.

The modern autoglro con31sts essentlally of a conve1~
tional engine, propeller, and fuselage supported by freely
rotating surfaces. The power required. to overcome the
drag of the rotating wings is - with the exceptlon of that
necessary for imparting an initial. rotatlon at. take—off -
not supplied by the engine but by the air. flow1ng upward
through the rotor disk. When the proflle ‘drag is suffi-
.ciently low the upward air motion through:a portion of the
rotor disk operating as .a windmill produces a higher torgue
than absorbed Dby the drag; the remainder of.. the blade there-
fore operates as propeller (referénce 1): In contrast %o
the orthodox airplane on which the wings move through the
air at the same speed as the fuselage, the autogiro can
fly at very low forward speed (or at zero forward speed
in vertical descent) while its. rotor blades move at high
speed, : .

By virtue of norlzontal and vertlcal hin es at the
hub, the blades are free. to move up and -down and to chaage
their neutral angular position to each other to a certain.
degree, 4Ag a result the blades assume,. during flight, a. .
position relative to the hub, so that the resultant of the
forces on the blades passes through the center of the
hinge joint., The blades themselves are raised when re-—
volving in flight direction and lowered when rotating in
the opposite direction,

. The principal component of the wind force on each
blade, i.e., the 1ift, is balanced by the ceantrifugal
force component and the blades take up a coning position.
The "coning angle" By, . is usually very small and can be
disregarded in this analysis. The "flapping angle" 8

can be expanded as a Fourier series in the form VY, the
momentary angular blade setting. If the centrifugal force
is great compared to the air forces, all terms of the

Fourier expansion save the first one, can be neglected, so
that '

B =, 51 cos (W - Vi)

where. ¥, =.0. under the above assumption and when d1sre~
garding the grav1ty effect on the blades. So in the first
approximation the up and down flapping of the blades is
equivalent to a rotation of the plane of rotation through
an angle B, (fig. 1).
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Lock has shown that, Dby selectiofn of the plane of mo-
tion of the blades as reference plane, the flapping of the
blades can be disregarded; that in this reference system
$h37$lades:haye5;while~reNOIV1ng, - perioedically changing
‘blade:angles:- Consequently, the autoglro is mechanically:
equivalent~to: an aircraft with: fizxed wings, on which the
blade: angle: of the wings:-is.- perlgdlca*Ly changed by means
of 'some:special deviecse: and:whereby the axis. of Totation
is; 1nc11ned at: angle '51 to the~or1g1nal axiss

R 1e calculatlon of angle 61 results from the consid-
.eratlon of the thrust moment of a wing abowut. the hinge-

- which, according to the preV1ous asgum@t:on, 38 independ-
ent of - W,_; ;1 L Sper L r e e e
Glauert (reference 2) d1oregarded the squares and

hlgner powers of the tip-speed-ratio A:in his analysis.
of .the flow at & blade element:rand so underestimated. tae
power of an autogiro at high speed. Lock (reference. 3)-
repeated this calculation without omitting important terms
and found that: Glavert!s theory must. be.so much moreﬁmod—
ified as - ¥v...amd - A increasew: The modified. theory igivas
thns . same terms for  the profile drag as Glauert's in: ap~ ;'
pendlx I. of hlS report, that is, ... S Lo

. W2 Cy.. O t SR
TR ____E__'_'_ )\'g . -
AT BTNHg - (1 e ) |

with consideration to the energy loss.’
.. In section IV, i% is showh:that this equation beéecounes

. W CW o :
2 .. JwWm
i e

A 8 A c (l +.4 65 \ z

when the ef?ect of the radlal veloc1tv 1s taken 11to ac—- -
count. : : - i '

- Mhe energy balance of &a sutogiro rests on the fact
that its power (Wv) must be eguivalent to the power reé-
quired for overcoming the profile drag of the rotor blades
plus the power necessary to produce the vertical ve1001ty
w. If the. torque were other than zero,” yot another term
for: the enerby equatlon would have to be added. :

A s1mple method of allow1nb for: the radlal veloc1ty
is obtained by the hitherto overlooked fact- that the di-"~
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rection of the resultant effect of tne wlnd on the rotor
is coincident with the axis of- the conmng surface de—
scribed oy tne blades whlle revolvmlg.; '

Accordlng to figure 1,
W= HE (o fgdye

This equation is used in section IV to tie a and
B - to the fundamental gquantities. Glauert and Lock's as-
sumption of constant axial velocity through the rotor disk
has been retalned. ~Although the velocxty near the p01nts_

r = w w - 8 M (f1 2) is high, it is Low across-the ef-

2
fective range of the blade and pateutly ‘negative at the
blade . tip (reference.l). The mean velocity u through

the dlsV_be1q5 small, it may with sufflclent accuracy be -
presumed that x = Egﬁ and that at low angles of attack

the distribution of the induced velocity is similar to
that of a fixed-wing system, i.,e., that a so-called Laa-
chester~Prandtl vortex system is formed,

‘The contention that in flying a stated distance the
roﬁatlnn wing describeés a much longer path than the fixed
wing of a conventional airplane, and that  for this very
reason the energy loss must be greater, .is not plausible
because the surface chord -of. the .rotating wing is consid—;
erably less than that of the corresponding fixed wing
The induced power canmnot, by virtue of the s1m11ar1ty of
the vortex system, be materially different.from that of
the conventional airplane of span equal to rotor diameter.
The. power loss due to profile drag-is, to be sure, greater
on account of the higher relative speed of the blades’per
unit surface, but by assuming sufficiently small solidity
the total power loss can even become less than on the:cor-
responding fixed-wing system or, ia other words, the max-
imum speed of the autogiro can actually be higher than
that of the corresponding airplane and that.w1tLout sacri-
ficing the advantage of 1ow 1and1ng speed.

Hltherto the autoslro had a high structural drag, due

“in part to the large tail surfaces necessary to insure the

initial rotor rotation by deflecting the slipstream; then,
to the elastic bracing of the wings and the existence of a
small fixed wing carrying the ailerons. On the latest au-
togiro the rotor is coupled to the engine, the wings are
cantilever, ailerons and elevator are omitted, the control
being effected by tilting the rotor shaft.
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" Hereinafter Tollows:‘a method for computing the flight
performance of an- autogiro at high' speed, ‘the Veloc1ty
component along the :blades Déing Hccounted for by dalou—
lation of the profile drag and the equation for zero
torque. : R A e

III. INDUCED YELOCITY

- Analysis ofi«“the air -digturbances left behind reveals.
that "the mean indticed velocity ‘w . through the rotor disgk
of an autogiro of radiug R~ ati'small angles of attack is
approximately. egual to- the: induced velocity of:an airfoil.
of span 2R w1th equal total 1ift. Assuming that the '
number of blades is:-not too small, the strength and dig—
tribution of the produced vortlces are sensibly the same
as on the airfoil of span 2R, “On it ‘the veiocity w
with elliptic. 1ift distridbution is : : :

P f,__gé__;_. o (1)
2 TR p W : S -
.. +The discrepancy of this formula becomes larger as the
number of blades becomes 1ess, ‘but thls fact can be dis— .
regarded 1n the. theory of the terms of ‘the. flrst order,

because a2t snmall adbles of attack the 1nduced drag is
much 1ower than the profile drag. .. : : :

1. EQUAT_Ipﬁ 'r_qja_'l'zERo TORQUE ...

. The total reactlon of the wind on the rotor is coin-
cident with the effectlve ax1s of the cone described by
the revolv1ng blades. Thus the energy output per second
isg o o

W v = v H (a +. Bl)

Since, however, tne torque is zero and the ra1s1ag of tqe
blades requires no energy, the total e: pendea energy
equals the amount. of energy per second.performed by .the
production of the proflle and the: induced drag. . nerefore,

Weos WE (0w ) S Wy Ty ol
C e e 211 R.~ a . L
= wR A z— f dw f Pt cwm£3 dr A2)

=TT



N.A.C.A, . Techmical: Memorandum Noy 729 7

3

wheredby I S A A R

- ey 2 e PPt v 2w 0 osin Vo (3)

e T T S e e B S T T T Y g T

fw is .the resultant .of flight speed v - and tip speed
‘rw of blade element dr at distance r from the rotor
shaft., - It 'is eguivalent. %o o pure.rotation at angular.
speed ® about a point defined (see fig. 2) by the polar:
coordinate

-‘Z)-—LT -

—2 2 _ _2 =2 2
with s w =R + v + 2v Rw sin V.,

the second term on the rlght hand 31de of equation (2) be-

comes
npetey 217 S T BEC R
________ m
Wa v = 4 11 { d\lfé /— 7Y cos U
In additiod, singce. E—%9%;£ is less than 1 over. the major

part of the disks, we can expand

to a series

' &
! . L v .cos ¥\ | 3 (v_cosV] 5 (% cgg\[\ + et
‘ 1 + ) K é—w ) 4 8\t w i + 16 (\—E— T etc.
ﬁ This serieé converges quickly.
N Limited to the first three terms, the integration
yields o '
Wav
i ;RS0 peg T g... -3 z
- =- . Tm_ 14 =27 + ‘1og —’k KA | SN N ]
i 8 2 4 N 16 128
R50 peyp®T :
f = e (1 + m A®],
; b .

8

==
|

|

;
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m being given in the appended tabulation:
LN 1.0 075 .60 “0e50: Qe40 - 0.30° 0.00

Ao 67f P4¢67T 4 66 B b4 ?4.61 4 58 4 50

e

Taklng m‘=:4._ fOr small angles of attack, equatlcn
(2) gives. . = .. B Sy _
W w O cy |
I =t gEon -t + 65 N7,
A o Ba - 8§ He N ( 4. ")
whereby .
Ho = —&.—

or, since according to (1)

we B __

v 2 p v® 1w R®

w. . He .. O Cwpy e
¥ 6+ B = - 1 + 4.65 ‘
F- et b= g . B Eoh (1 AR A

This 1is the equation for.gero_po;que.
V. FUNDAMENTAL EQUATIONS

Since the radial Veloc1ty'campon§nt can'ﬁéfnegquted
when computing the 1lift and Bl, we have, according to
Lock (reference 3) : :

2 A (x +i' \
1 - ;
1--%,\2 -
and
3 B i
Hc—c[§x+__ag(1+2>y:2> (6)
with T

x=N{q - ‘Er\’ = A (oc - *—,g“}.:' (7)
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Equations (4), (5), and (7)-give:

x, 7 » <x'+‘5 Yoy 22T (0 4 4.65 3°)
' A 1 52 ‘8 Ho A | -
1=-5A\
or
_/ 3 12\ 8 2 _3E_£Eﬁ ' 2y [+ _ L q=2n
{1+ g N+ gag N =g (L + 4.65 \%) (1 = 5 N .

According to (6)

o FH. « o g o .
x:—g[-—‘g—-dg (l+"‘7\2) ) . . . . . (8)

o] 2
P ! '
I hence
He 2 Y 2
—5\1+§>\/—aaKl+—2~>\/.+4ag>\
3 O C\'.Jm o 1 N
= + N =y / - . 2
T E. (1 + 4065 X)) (1 - 5 X
or '
- 2 ' ’
/Hc\-_‘. 4 >\' 3 2\ . 'Hc'\
P + | ——————— - — NV —
2
3 .. (1.4 4.65 2y (1 - %7@\'
= 1% °"n — B\é ' £ (9)
1 + 5 )\,
} Hc Lo
.E +  Tbeing expressed by ag, Oy, and N
i VI, NUMERICAL RESULTS»
LQ Having défined Hc/o' for stated values of X, ag,-
1 and cwy, we compute: x from (8). X, is assessed for
|
{ a value of ¢ from
i PR
.Hc ‘HeN O ..
Cm e = ey 2 Ve T LT 1
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and W/A from «(4) if bhe form. i

=
'd

c 0]
I T e b Bt (1 4065 K)F L 0nl e (A1)
4 2 8N kg

< -

o can be“detegmineigfrqﬁT(ﬁ)y

- %, ke EE
@ = 3 5 (12)
and B from . B, = %.ﬁ_d a0 s (13)

The tip velocity wR is obtained for varying valQ
ves of the load rating i from the equation for Hes
namely,

© p He (14)

and v is defined from

“The rotor speed can be determined for a stated R
from T '
= 60w _ LR
D - 80 —x | (16)

Figures 3, 4, and 5 111ustrate the effect of solidity,
blade angle, and profile drag on W/A for values of kg
less than 0,10.

' VII. FORWARD SPEED..

To insure suitable landing gualities and slow rate
of descent (reference 1), it is necessary-to limit. the -

disk loading 1. To illustrate: Assume 1 = 9,76 kg/m2
(2 1v. /sqefte). According to (14) and (15),
wR=883/¢ﬂc

8. szx/N/ Hc.

i

v

Figures 56, 7, and 8 show the effect -of the- sel1d1tf,



.
.

'.

i
)

t
b
4

it
#

g

N.A.C.A. Technical Memorandum No., 729 11

the blade angle, and tae proflle drag on. W/A - for:.a num-

ber of v values.

The results 1ndlcate that for high speed 5 should
be as small as poss1ble, and g .be as large as possible
for a given cy, It is therefore of advantage to use

thin, narrow blades, on which the flow breaks down gradu-—
ally. When- ag 'is too great, the flow Dbreaks down on the
retreating blade and Cwpy becomes excessively great. .

VIII. MAXIMUM SPEED

The power mP necessary -to overcome the rotor drag
is given by '
75 mP - (WY : (17)

The effect of O, Qg and i on the ﬁP/A is shoﬁn
in figures 9,.10, and 11 for divers values V.

If W; is the structural drag (in kilograms) at 151
km/h (100 m1./hr ) speed, the thrust reguired to overcome
the structural drag for v Xxm/h is:

Wy v3 X 1,43 X 107"
Then the maximum speed vy 1is given by

MPa = MP + (W, vp® X 1.43 X 1077) (18)

MPa = total available thrust power.
IX. COMPARISON WITH AN AIRPLANE

W/A changes but little with v at high speed, hence
the power loading nP/A increases sensibly proportional
to v, as seen from equation (17). Oz an airplane with
span equivalent to the diameter of the autoglro and with

“the same structural drag,.tne poner_logﬁing is_piactically

proportional to- v3, “Consequently, the autogiré can at- "~
tain'a. ‘Higher maximumn . sgeed than an alrnlane of the same
power loading (reLerence 4)
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Th, v. Karman published a comparison of flight per-
formances.onZan autogiro, anrsorthédox airplane, and a hel-
icopter.(reference 5), " but his 'antogitro evinced a high . -
structurdl -drag. - To compare:tlié performance of an auto-
giro with-that of a-eonventional--airplane, we designate
.an airplane as "comparable" whose span equals the rotor
diamgter-of the autogiro and which-has the.same 1lift a=nd.
structural drag and the same thrust horsepower, and the
same wing profile,

Let W,y' = profile'drég,

eyl = drag .coefficient of profiley and
8 = agpect ratio of the airplane,
C - _
Then, Wo! = cy'! p V2 253— (19)

Prom (4) follows
T _RB°
_W,e cwmpvg(1+46ok)——8ﬁ

hence B
W, mao S

Wg' - 16 )\.3.

2
(L.+ 4,65 X)) (20)
If the area of thewwinés'is ﬁhe~§ame ds that of ‘the au%6~
giro blades, it gives:.

SR

Consegueatly,

W _ Omgy (1 + 4.65 %)

Wyt Neg!'/ (4 23)

> 1,
Whan X' < 1.

An airplané with the same wing area as the modern au-
toblro ‘would, however, have a’ very high landing speed, and
therefore cannot be- considered as a "comparative alrplane."
For autégiro blades of GOutln en’ section 429 and o = 0,07
and i = 9,76, +the surface loading is i/ = 139.3 kg/n@
(28,5 1b, /sq.ft ). The maximum 1ift coefficient of air-
foill Gottlngen 429 is about 1.16, and the landing speed =

144 ,/ Lﬁ@-é = 158 km/h (98.2 mi,/nr.). The rigid surface
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LA

of the. "comparative airplane" must for_thaﬁ-reason be great-

‘er than the autogiro bladeg, With' the landing speed of "the

"comparative airplans" limited to 8075 km/K (50,0 mis/hr.),
the wing loading is 36.1 kg/m® (7.4 1b./sd.ft.), and the’

wing area then 3,86 times as great as the blade area of the
autogire. | U LoIT T N L e

' Figure 12 shows th'e performatice of ah Eutoglro With .
the parameters ag = 4° = 0,07} "0 ='0.07; ‘cgy = 0.012;
i = 9476 in contrast to our defined "comparative airplane."
Equation (19) becomes S L
W' cg' p ve v \°

2 - —_—
R e 1 R A 1TV

because cy! = 0,01 aﬁdfjﬁ :‘d[l?Srwi,‘ff N

‘ The thrust power _nP}'*far_b€erd§ming:£ﬂdu§éd:&fég"
W.' and profile dragd Wy!'! 'ig given with :

EoTN T
A v 3 _
= STy 17,8 ()5
(2m7p R wv) \100/
or .
me! _ 0.52 4+ 0,221 /[ _Y_Y . o
A v 0 \100) (21)

The mP'/A values computed from this formula are in-
cluded in figure 12,

X. REMARKS

As in Lock'!'s previous report, the angle between the
blade and its mean plane of rotation, has been disregard-
ed, the axial speed component over the autogiro disk as-
sumed to have a constant value, and the partial reversal
of the trailing edge in the leading edge on the recéding
blade, neglected. As a result of which the calculation
becomes so much more uncertain as the values of A become
greater. ‘ '

On the high—speed autogiro of the future, with a ratio
of over 7 of maximum to minimum horizontal speed, A will,
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1_range between Q.7_§3§*;*Q¢, Lge ef 101ency within this

. range will probably bs. c0431dsrebly lower than predlcted~

in this analy 1s.',5; R T s

The wrlter w1shes to etn ess nis avpre01at10n to'%r.
de la Cierva, Professor Prandul znd Professor Betsz, Got—
tingen, as well as to Professer Wleoelsaerber, Aachen,
for thelr interest and support. : T
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Figs. 5,6
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.15
1.00
— ) . II 20
/ '
,I
.10 it
W
A 7160
= 80
058
0 e
»; 50 106 150
v /s
figure 7.~ Effect of blade angle on T/A
o= .07 Cym = -V1Z; i = 9,76
. 20— T
AN = .20
'
3
\ .60 1.bo
15 N\ A0 B -
:\i\,51J3:i//J%/Cwm = .0=20
\
N
] \
B ] \ \ \
T ool N
A v

0 50 100 180

v m/s

Q =

igare 8.- Effect of profile drag on W/A
"('-

; Ay = .07=40; 1 = 9,76

Figs. 7:8



3
y
i

b

L g T

H.,A.C.A, Technical Memorandum FKo. 729 Figs. 9,10
0 i .05
hp/ kg 407
s % = .70
1 L Lo==-.60
. /
np ___./
A
0
0 100 200 200 400 500
v .’an/h
Figure 9.- Effect of solidity omn nP/A
g = 40 =.07; Cym = .012; i=9.76
.3
np/kg 1.00
50
) /
. ////
_Tl_..lf 70 g ’/ 0
A Y 4
5\ .;‘)L ,////
1 _Ar/}.f‘;’/(_. 2 g0
. %;_ .:l:O , /z, 4//_' //’/
ey -
O —————
0 100 200 300 400 5CO
v l'zn/h

B

g = .07;

Cyrm = 012

Figure 10.- Effect of blade angls on nP/A
i

9.76



W.A.C.A. Technical iemorandum Ho. 729 Figs. 11,12

¢ 3 EE—
PIeE 1.00
. \\
) /\/Cwm = 00
\
LP_ . '7Q - /\\(. 0iz2
A .60 \
1 PRI 2N Pl )
. A= . EQ N // S N \
Ly _——— N \\ ~ k . 004
__lf/a‘_\/ \\\ /_-/‘(/‘w—"’(‘
\ > A< )
— e ]
0 )
0 1C0 200 200 400 500
v km/h
figure 11.- Effect or profile drags on n P/A
o= .07 X = .07 = 9% i=9.75
A
' t
S h—— e -—<lr---——« - !- A8 TN—
hp/kg i"Compar&tive 2irnlgne" ///
Vi
.2 - /
n P! / Autgsiro
A b4
/ _—
’/////1 Induced pover ledding
0 - -'_'1.'":-'_‘2 i Bnthete ettt
0 10C 200 200 400 500
P : v : ]:m/h '

Figure 12.- Cowparison between performance of an air-
plane and autogiro.
Cv.n-rl = .012, g = .r\'?, a = '.l:o i =9.76



